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Abstract

This paper develops a sampled-data distributed control design for mixed traffic flow with unknown and bounded disturbance,
which is the time-gap fluctuation induced by uncertain human driving behaviour. The mixed traffic flow is described by the
linearized Aw-Rascle-Zhang (ARZ)-type model and consists of manual vehicles and adaptive cruise control(ACC)-equipped
vehicles. A group of stationary sensing devices provides traffic state measurements over the sampling spatial intervals. In order
to suppress the disturbance and drive the mixed traffic flow state to a bounded region around the steady state, the time-gap
used by ACC-equipped vehicles is designed as the sampled-data distributed controller based on the traffic information provided
by these sensors. The sufficient conditions for guaranteeing input-to-state stability (ISS) of the mixed traffic flow system are
derived in terms of matrix inequalities in H'-norm. Lastly, to minimize the effect of disturbance, an optimization algorithm is
used to determine the maximal disturbance attenuation level, and the numerical simulation is given to verify the theoretical
results.
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1 Introduction

With the emergence of automated and connected vehi-
cles, the research of mixed traffic flow consisting of both
manual and adaptive cruise control(ACC)-equipped ve-
hicles has attracted much attention in recent years [8].
Properly manipulating the setting of ACC-equipped ve-
hicles can provide an efficient way to regulate the traf-
fic dynamics that does not rely solely on roadside facil-
ities [13], [14]. Through the real-time control design of
ACC-equipped vehicles, the interconnection capability
of autonomous vehicles can be utilized while maintain-
ing the distributed characteristic of traffic flow, which
has important practical and theoretical significance for
the stability of traffic dynamics [17], [19].

* This paper was not presented at any IFAC meeting. Cor-
responding authors Jingyuan Zhan and Liguo Zhang.
Email addresses: zhaohx@emails.bjut.edu.cn (Hanxu
Zhao), jyzhan@bjut.edu.cn (Jingyuan Zhan),
zhangliguo@bjut.edu.cn (Liguo Zhang),
christophe.prieur@gipsa-lab.fr (Christophe Prieur).

Preprint submitted to Automatica

Lately, articles exploit ACC-equipped vehicles to control
the traffic dynamics, particularly in applications involv-
ing dynamic speed limit adjustment, lane allocation, and
congestion management [14]. For instance, the exponen-
tial stabilization of a freeway traffic flow based on the
ARZ model was explored by designing the time-gap set-
ting of ACC-equipped vehicles in [4]. The existing stud-
ies were primarily based on continuous-time state feed-
back, which imposes high requirements for communica-
tion bandwidth and network quality and hence is chal-
lenging for energy-constrained systems due to its signifi-
cant computational and communication cost. To reduce
the consumption of computing resources, the sampled-
data control is a reliable method. Therefore, the objec-
tive of this work is to develop a sampled-data distribut-
ed control strategy for mixed traffic low based on the
real-time control of ACC-equipped vehicles.

Concerning on the sampled-data control, it has gained
widespread application in modern control systems due
to the feasibility of implementing the controller by dig-
ital technology [1], [6]. There have been many results
on sampled-data control of ODE systems [11]. However,
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the studies on sampled-data control for hyperbolic PDE
systems are still limited. For example, two event-based
stabilization techniques were given for linear hyperbol-
ic systems of conservation laws in [9]. In the previous
work, the global exponential stability was ensured via
the Lyapunov technique. Using the backstepping tech-
nique, a sampled-data boundary feedback control was
considered for a linear 2 x 2 hyperbolic system in [7].
Recently, the distributed sampled-data control problem
for homo-directional linear hyperbolic system was in-
vestigated under state measurements sampled in space
and time in [20] based on the Lyapunov-Razumikhin ap-
proach. To the best of our knowledge, there is no work on
sampled-data control for PDE-based traffic flow model
at present.

In this paper, we study the sampled-data distributed
control problem for macroscopic traffic flow, which can
usually be represented by hyperbolic PDE systems [2],
[22]. Although much attention has been paid to the sta-
bilization of hyperbolic PDE-based traffic flow model-
s [24], [21], [26], [25], these studies are based on the
boundary control implemented through traffic facilities
located at the upstream or downstream boundary of the
road. However, in-domain sampled-data control through
time-gap manipulation of the ACC-equipped vehicle for
regulating traffic flow on hyperbolic PDEs has not been
solved. Therefore, we commit to establishing a theoreti-
cal framework for analysing the sampled-data distribut-
ed control of mixed traffic flow with unknown bounded
disturbance via ACC-equipped vehicles.

Compared with [4] on stabilizing the mixed traffic flow
dynamics via ACC-equipped vehicles, in which the time-
gap setting of ACC-equipped vehicles is designed based
on satiotemporally continuous traffic information, the
main contributions of this paper are as follows: (1) We
consider the unknown bounded time-gap fluctuation
induced by uncertain human driving behaviour, which
brings perturbation in source term of the mixed traffic
flow model. (2) The time-gap setting of ACC-equipped
vehicles is designed for the mixed traffic flow with un-
known disturbance based on the traffic information
sampled both in time and space. (3) The ISS is estab-
lished in H'-space for the mixed traffic flow system with
unknown disturbance, by employing Lyapunov method
with Wirtinger’s and Jensen’s inequalities.

The rest of this paper is organized as follows. The mixed
traffic flow and the time-gap setting of ACC-equipped
vehicles are introduced in Section 2. Section 3 is devoted
to analysing ISS by using the Lyapunov function tech-
nique. In Section 4, the numerical simulations under an
optimization criterion are given.

Notation: For a matrix A, AT denotes the transpose
matrix of A, and trace(A) denotes the trace of A. A >
(<) 0 denotes that A is a positive (negative) definite ma-
trix. diag{ay,...,a,} is the diagonal matrix with a; €

R,i=1,...,n. N is the set of nonnegative integers from
0 to infinity. For a partitioned symmetric matrix, sym-
bol * stands for the symmetric blocks. Given a function
g : [0,L] — R", we define its H'-norm as ||g| g2 =

\/fOL(HgH2 + ||z ||?)dx, where || - || is the Euclidean norm
in R™.

2 Mixed traffic low with ACC-equipped vehi-
cles

2.1 Mized traffic flow model

Consider the mixed traffic flow consisting of manual
and ACC-equipped vehicles, where the percentage of
ACC-equipped vehicles with respect to total vehicles is
€ [0,1]. Constants Tacc, 7w > 0 denote the time con-
stants of ACC-equipped and manual vehicles, respec-
tively. Let p(z,t) and v(x, t) stand for the traffic density
and the average speed at position x and time ¢, respec-
tively. t € [0,400) denotes time variable. x € [0, L] de-
notes spatial coordinate along the road, where x = 0 and
x = L are the upstream and downstream boundaries, re-
spectively. L is the length of the road. According to [4],
the macroscopic mixed traffic flow dynamics can be de-
scribed by the ARZ-type traffic model, i.e., the following
first-order hyperbolic PDE system of balance laws:

Op + az(q)p) =0,
O + (v + Pap‘/;nix(P, hacc))amv = w’

Thix

(1)

— L is the mixed time constant

e

where Tpix =

of mixed traffic flow. ni/mix(p, hacc) denotes the speed-
density fundamental diagram of the mixed traffic flow,
defined as

11—«

«
‘/mix (pa hacc) = Tnix (7Vacc (p7 hacc) +

Tac [ Tm

where Ve (p, hace) and Vi (p) represent the speed func-
tions of ACC-equipped and manual vehicles, respective-
ly, given by

1 /1 1
‘/acc(pa hacc) = h (; - D)apmin < ,0 < 57 (3)
1 1

Vm(p):f(ffD),pmin<p<5, (4)

with D > 0 denoting the average effective vehicle length
and ppin > 0 denoting the lowest density value for which
the model is accurate. The variable haec(z,t) > 0 is the
time-gap of ACC-equipped vehicles, which is the control
input to be designed later. The variable hy(t)= hi 4 ((t)



is the time-gap of manual vehicles, k. is the normal time-
gap of manual vehicles and 0 < [{(t)| < e stands for
the time-gap fluctuation induced by uncertain human
driving behaviour.

Substituting (3)-(4) into (2), the fundamental diagram
of mixed traffic flow model can be rewritten as

L G0 o

V;nix(p’ hacc) = m P

where the mixed time-gap is
a+ (1 — o)==

acc haCC
a+(1-a) 2

hmix(hacm C(t)) = hace- (6)

At the downstream boundary, there is a variable speed
limit (VSL) device that acts as the road facility to regu-
late the traffic flow. This common management method
has been documented in some works including [23], and
the driving-out speed v(L, t) could be adjusted based on
the density information p(L, t) at outlet, that is

U(L’t) :U*""kv(p(L’t) _p*)’ (7)

where p*,v* are the steady states of system (1), and
k, € R is boundary tuning gain.

Assumption 1. For the mixed traffic flow model (1),
the flux at the upstream boundary is constant, i.e.,
p(0,t)v(0,t) = ¢ipn, where g;, = p*v™ is a constant ex-
ternal inflow that can be realized by implementing a
mainline flux metering at the inlet [21],[23].

Define the deviations of the variables p, v from the steady
states p*,v* by p = p — p*, 0 = v — v*. Based on
Assumption 1, we have (p(0,t) + p*)(9(0,t) + v*) =
Qin- Substituting the steady condition ¢;,, = p*v* into
the above equation and removing the higher-order term
p(0,t)9(0,t), we obtain the following linearized bound-
ary condition at the upstream boundary

*

5(0,) = —%@(o, ). (8)

2.2 Linearization and diagonalization

Denote hZ.. as steady time-gap for ACC-equipped ve-
hicles, which results in the following steady-state mixed

time-gap

. at+ (1l —a)me
hmix = T Tn;,,* hacc (9)
o+ (1 — o) Toee e

satisfing p% — D = h};.v*. Define the deviation of the
variable hacc from the steady time-gap hl.. by hace =
hacec — k... Then we obtain the following linearized sys-
tem with space-time invariant characteristic velocities

by using Taylor expansion at the steady states

{atﬁ +v*0,p + p*0,0 =0,
00 — 40,0 = —c1p — c2U — C3hace + ¢5C(t)p + c6((t),
(10)

where ¢; = 1/(p*2h;ix7'mix), co = 1/Tpix, 3 =
2

(a/TaCCh:cc)(Ql/p* - D)’ €4 = D/h;;ix’ Cs :2 (1 -

@)/ (TaccTahn 9*2)7 c6 = Npix 0" (1 — @)/ (TaceTahy ) (see

[4] for similar computations).

Defining the Riemann coordinates as z = v, @ = p +
hi; p*20, then system (10) with the boundary conditions
(7)-(8) could be rewritten in the following diagonal form

@ + v 0,0 = —2@ + hiyyp* 2 (c5C (1) (@ — hliyyp*2)
—C3hace + c6C(t)),
DiZ — €40p% = —C10 — Cahace + csC(t)(0 — bl p*?2)
+ec6¢(1),
(11)

with the boundary conditions

Remark 1. Using Riemann coordinates to obtain the
diagonal form is essential for the stability analysis of hy-
perbolic PDEs as it decouples the system into its char-
acteristic wave modes. This transformation permits the
examination of growth or decay for individual waves,
each propagating at a characteristic speed, thereby sim-
plifying the stability analysis of the coupled system.

According to the sign of the second characteristic veloc-
ity of system (11), the mixed traffic flow is in the conges-
tion regime and the speed information z of mixed traffic
flow propagates from downstream to upstream (see [12]).

2.3 Time-gap control of ACC-equipped vehicles

To drive the traffic density p and average speed v of
mixed traffic flow to the steady states (p*,v*) with the
suppression of disturbance, we now design the time-gap
control of ACC-equipped vehicles based on the spatially
state measurements provided by a group of stationary
sensing devices.

We assume that there are N sensors indexed by i €
{0, ..., N — 1} uniformly distributed over the road [0, L],
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Fig. 1. Time-gap control of ACC-equipped vehicles for the
mixed traffic flow.

dividing the road into N — 1 intervals with identical
length b = L/(N —1). The location of sensor ¢ is denoted
as Z;, such that

To =0,
5 1
{Ei_fil—l—b, i=1,-- N —1. (13)

Each sensor ¢ provides the measurements of average ve-
locity v and density p within the corresponding section
of road, i.e., ¥; = [z;,2,11), i € {0,..., N — 1}, where

(14)

zg=0, any=L.

{xi = It =1 N,
Taking into account the need to reduce computing re-
sources, these sensors only provide the traffic informa-
tion at some discrete time instants. We use the time se-
quence {tx} to represent these sampling time instants
withO=tg<t1 < ---<tp<---,keN.

Assumption 2. The sampling time intervals are bound-
ed, satisfying tx1+1 —tr € (0, h], where h > 0 is the upper
bound.

Based on the spatially sampled state measurements pro-
vided by these sensors at discrete time instant t; and
at position Z;, the sampling traffic information v(Z;, tx)
and p(Z;,tx) can be obtained. And thus &(Z;,tx) and
Z(Z;, t) can be transferred to the ACC-equipped vehi-
cles and used to design the time-gap controller. The re-
sulting feedback controller is implemented to the ACC-
equipped vehicles through a zero-order holder (ZOH),
as shown in Fig. 1. We then design the time-gap con-
troller to ACC-equipped vehicles as the following piece-
wise continuous function:

N—-1
hace(w,8) =hie + Y di(x) [ku@(Zi, ty)
=0

+ k2(Zi t)],  tE [trtrrr),  (15)

where k,, k, € R are control gains. The shape function
d;(x), which can obtain a linear combination of con-
trollers responsible for each region, is defined as

1, ze€¥;, ic{0,.,N—1},

. = 1
di(z) {O, otherwise. (16)
2.4 Problem formulation

Let & = [@©,2]7, and then the linearized mixed traffic

flow model (11) can be rewritten as

& (,t) + T0,&(x, 1) =(My + C(t)M2)é(x, ) + FC(t)
— Hhace(, 1), (17)

where t € [tg, tpt1), I = diag{v*, —c4} and

_ 0 h*. *2 _ h*. %2
]\41 _ C2 ,H: mixP €3 7F‘: mixP €6 ’
—C1 0 C3 Cg

hip%cs Ol [1 —1][1 0
M= ° . |-
0 Cs 1 —=1[1]0 h~rpt

The input and output of system (17) on the right and the
left boundaries can be denoted as ¢ = [@(0,t), 2(L,t)] T
and % = [&(L,t),2(0,t)]", respectively. Then the
boundary condition (12) can be rewritten as

é—in _ C:é-out7 (].8)
. 0 hsxp®? —
with G = N v
1+k1’hlr%ixp*2 0

Further, we denote the initial condition of system (17) as

| w(=,0)
©- Lu,m ] ’ 1

which satisfies the following compatibility condition

&(L,0)
#(0,0) ] ' (20)

Now, we discuss the existence of unique classical solu-
tion of the Cauchy problem (17)-(19). It can be noted
that hacc is continuously differentiable on [0, L] X [to, t1],
and then according to [15], there exists a unique classical
solution to the system (17)-(19) for ¢ € [to, t1]. Selecting
&(+,t1) as the initial condition for the next sampling in-
terval [t1,ts], we obtain that there also exists a unique



classical solution for ¢ € [t1, t2]. By applying the proce-
dure above iteratively to [ta, t3], [t3, ta], .o [tks tht1], K €
N, such that it is continuous at each sampling instant, we
conclude that the closed-loop system (17)-(19) has a u-
nique classical solution & € C°([0, +00); H((0, L); R?)).

In this paper, the main objective is to derive sufficient
conditions on the time-gap used by ACC-equipped vehi-
cles (15) such that the solution of the mixed traffic flow
system (17)-(18) can suppress the disturbance ((t) and
converge to a bounded region around the steady state
(p*,v*). Adapted from [15], the definition of the ISS for
the system (17) is given hereinafter.

Definition 1. The system (17)-(18) under the time-gap
used by ACC-equipped vehicles (15) is ISS with respect
to the disturbance ¢ in H'-space, if there exist a class of
KL function x; and a class of K function xs such that,
for any initial state £€° € H'((0, L); R?), the solution of
system (17)-(18) satisfies the following inequality for all
t €10,00)

I, )l < xallolim, )+ xa ( sup [¢())- (21)

To analyze the ISS of the system (17)-(18) under the
time-gap used by ACC-equipped vehicles (15), the defi-
nition of the ISS-Lyapunov function is given as follows.

Definition 2. Let V : H'((0, L); R?) — R be a contin-
uously differentiable function such that

cr(ll€llm) = V() < ealll€ll ), (22)
V< =yV(§) +es([C(H)]), (23)

for all ¢ in H'((0,L); R?), where V denotes the time
derivative of V' (£(z, t)) along the solutions to the system
(17)-(18). €1 and e are class of Ko function, €3 is a
class of K function, v is a positive real number. Then
the function V is called an ISS-Lyapunov function for
mixed traffic flow system (17)-(18).

If V is an ISS-Lyapunov function of the system (17)-
(18), which satisfies inequalities (22)-(23) in Definition
2, then the following inequality holds for all t > 0

€t Oll <6 (= ealll€lr) + 5 sup ea(IGC0D).
0<e <t
(24)

Let x1(+ 1) = e (e~ ea () and xa(-) = €72 (1ea(),
and then it could be obtained from Definition 1 that the
system (17)-(18) is ISS in H!-space. The inequality (24)
provides an estimated bound of the influence of distur-
bance ((t) on the mixed traffic flow system (17)-(18) un-
der the time-gap used by ACC-equipped vehicles (15).
In next section, we will analyze the ISS of the system

(17)-(18) by constructing an ISS-Lyapunov function.

3 Main results

The purpose of this section is to analyze the ISS of the
mixed traffic flow system (17) with boundary condition
(18) in H'-norm, by re-organizing the closed-loop sys-
tem into an equivalent system with spatio-temporal sam-
pling errors as well as employing the Lyapunov function
method.

Define the time sampling error n(z, t) and the space dis-
cretization error 0(z, t) as n(z, t) = &(x,t)—&(x, 1), t €

[tk’tk"rl)’ and 5($,tk) = §($,tk) - Zii?)l d%(aj)f(‘flvtk)v
respectively. According to the above spatio-temporal
sampling errors, for ¢t € [tg,tr4+1), the time-gap
setting of ACC-equipped vehicles (15) equals to

ﬁacc(x,t) = K¢(z,t) — Kn(x,t) — Ko(z,t), with
K = [k, k:]. Then the closed-loop system (17)-(18)
can be written as

O + 10,6 = (U + ((t)M2)§ + Fn + Fo(w,ty)
+ F¢(1), (25)
£ = GEOM, Yt € [ty try1), k EN, (26)

withU =M, - HK, F = HK.

Now we define the following matrices that will be used
to state the main result of this paper:

_ —c5 0 R p*2esky O
Myi=| P | = | :
00 0 sk

_ 00 0 k' p*2csk,
s = Hz = el R
—C1 0 C3k‘w 0

e op*Pes 0|2 =11 0
m: lep c5 2 ,
0 h;ixp*

10
0 —h p
—NyixP C5‘|

7F2:

0 —ht, ples cs 0

For diagonal positive matrix P € R?*? and sampling
sequence satisfying t+1 — tx € (0, h], we define Q(z) =
[P(x), 03,2] ", and

[0y O — P(2)F 0 0
% Ogo —2rhF'F 2rhF'T 0
O(r)=| x * BI 2rhFT 0 |, (27)
* * * Oy4 0
* * * * Os5 |




[2y —P(z)(F+kI) —P(z)F 0 0
x e 2P+ kP(x) 0 0 0
E(x)=| * BI 0 0 )
* * * =44 0
* * * *  Zss
' (28)
with

011 = (U4 201 —k(A—1)— (U + =) ") P(x)
— P(2)(U +eM)—4rh(UTU + 2297 9m),
O12 = —P(2)(F + k),
O22 = (1 —20h)re 2" —2rhF T F + kP (),
Ous = (ul'y — (KA +20)] — M —eMT)P(x)
— P(x)(My + &) —2rhl'T,
Os5 = —y(2rhF T F + BI) + P(z),
E11 =011 +4rh(UTU +2%m™om),
E44 = Oyq + 2rhIT,
Es5 = O35 + 2y7hF ' F,

where T'y = diag{v*, ¢4}, P(2) = diag{et(L=2) er*}p
are diagonal matrices and v = b?/7%, A > 1, 0 < ﬁ,
u, 8,7, Kk are positive scalars.

We then have the following main result.

Theorem 1 The mized traffic flow system (17)-(18) un-
der the time-gap setting of ACC-equipped vehicles (15) is
1SS in H'-space with respect to the disturbance ¢ for any
sampling sequence satisfying tp+1 — tx € (0,h], if there
exist a diagonal positive definite matriz P € R?>*2 and
positive scalars r, u, B, k such that the following inequal-
ities hold for all x € [0, L]:

_ _ 1
I'G'T7 (P + Anao(P)I{HGT — or L+P <0, (29)
0
Fo |t R <0, (30)
¥ IBT(DZ'P + Apuo(P)I)B—kP
o(z) Q

T(x) (=) ) >0, (31)

* I
a(r) = [ 0 (32)

* I

where f1 =gz U+ AT PA +e2 AT PAs + kAP,
U =erGTTLPG-T P, Ay = M1G + My — G(M; +
MQG), Ay = F1G + Fy — G(F1 + FQG), B = G(H1 +
HyG)—H,G — Ha, and Apez(P) is the mazimum eigen-
value of P.

Lemma 1. If the conditions (31) and (32) hold, then

A«@=[m” PO S0 veepr, 3
*
where
[Qu Qr — P(2)F 0 01
* QQQ Qgg 2T(tk+1 - t)FTF 0
Qr) = | * * BI  2r(tpy1 —t)F'T 0 |,
* * * Qa4 0
| * * * * Q55_

Qi1 = (ul'y =200 —k(A—1)— (U + M) ") P(z) — P(x)
(U + M) — 47 (tppr —)(UTU + 2220 7TON),

Q12 = —P(2)F — kP(x),

Qa2 = (1 —20(tpq1 — t))re MM — 2r(ty g —t)F ' F
+ kP(z),

Qo3 = —2r(tpy1 —t)F'F,

Qus = (uT'y — (kKA +20)] — M, — M) P(x)
— P(x)(My + €M) — 2r(tp1 — t)IT,

Qs5 = —y(2r(tgs1 — t)FTF + BI) + P(x).

Proof. According to the definitions of Y (z) and ®(z), it
I Qx)

*

yields that ¢(t)Y(z)+ -t &(z) =

te+1—tk

] , where

o(t) = tiil__ti, and

[y My — P(x)F 0 0 |
% oy Taz <(t)2rhF'T 0
II=1 % * BI  (t)2rhF'T 0 |,
* * * 1144 0
| * * * * IT55 |

My = (ul'y =201 —k(A—=1)— (U + M) P(z) — P(z) (U
+eM) — ¢()4rh(UTU +2e2m " 9m),

o= —P(a)F — kP(x),

Moo= (1 —<(t)20h)re 2" T — ¢(t)2rhF T F + kP(z),

o3 = —(t)2rhF T F,

My = (ul'y — (kA+20) =M + M) P(z)— P(z)(M;
+eM) —¢(t)2rhI'T,

55 = —v(s(t)2rhF T F 4 BI) + kP(z).

The feasibility of T(z) > 0 and ®(x) > 0 guarantee
ity . h .
g(t)T(x)—i—tkilt_"tk ®(x) > 0. Since = = L it can

be easily obtained that M(z) > 0. This concludes the
proof of Lemma 1. W




Lemma 2. If the condition M(xz) > 0 holds, then

W(z) + kN (z) <0, Vze|0,L], (34)
where
(A=1)P(z) P(z) 0 0 0 ]
* —P(z) 0 0 0
N(z)= * x 0 0 0 , (35)
* * * AP(z) O
L * * * x  —P(z) |
and
Wy P(z)F  P(z)F 0 0 |
* Woa Wag  — QT(tk_H —t)FTF 0
W(z)=| = * —BI  —2r(tpy—t)F'T 0
* * * Wia 0
| * * * * Wss |

Wiy = (201 —ply +P(z)+(U + M) ") P(z)+ P(z)(U
+ M) + Aty —) (U TU + 229 T9M),

Way = (20 (g1 —t) = 1)re > I4+2r(t) 11 —t)F T F,

Was = 2r(tpp1 — t)F'F,

Wis = (201 —pl 4+ M +eM ") P(2)+ P () (M +eM)
+2r(tgy1 —t)IT,

Wss = (2r(tepr — t)F ' F + BI).

Proof. If M(z) > 0 holds, according to the Schur
complement [5] and the definition of ./\/l( ) in (33), it
can be obtained that Q@ — #x YIQT () > 0, which
is equivalent to Q(x ) > O w1th Q( ) =
[Q(z) Oroxs] Then the above 1nequahty can be re-
expressed for all z € [0, L] as W(z) + «kN(x) < 0. This
concludes the proof of Lemma 2. W

Proof. Select the ISS-Lyapunov function candidate as

V=Vi(§) + Va(&) + V3 (37)

with Vi(6) = [y €7 (@0 P(r)é(e, o lee) = — I
f;r(x,t) ( )Em(l' t)dﬂf Vs =r tk+1 — fO f e2n(s—t)

¢5 (2, 8)¢s(w, s)dsdx, where & = 0,6 and &, = 0,& for
simplicity.

In function (37), V4 () represents the energy of traffic
state deviations from equilibrium. V(&) captures the
energy of spatial gradient in traffic state and is used to
limit the term &, (t;) obtained by processing the space
discretization error 0(z,t). V3 characterizes the energy

of the time sampling error n(x, t). The proof of Theorem
1 mainly relies on the analysis of estimates for the time-
derivatives of V;, ¢ = 1,2, 3, by expanding the analysis to
the dynamics of & with the assumption that solutions &
are of class piecewise C2.
o Analysis of the first term V1 (§).
By using the integration by parts, for Vt € [tg, tg11), we
can obtain the time-derivative of V;(§) as

. . . L
Vi(©) = (€M) TPt — e Tripe 4 [T

0

(U +¢(t)M2) " P(z) + P(x)(U + ((t)Ms) — p
T P@)E+ (0" +n")FTP(x)é+ ¢ P(x)F(S
+n) + C(OFTPi(2)e + €T F((t)] da. (38)

Combining with the boundary condition (26), we have

L
Vi(€) <(€7)Twem 4 /0 [€T((U+e) T P(a) + P(x)

(U +eM)—pul P(x))& + (87 +n")F' P(x)¢
+¢TP(z)F(6 +n)|dz + LETFIC(). (39)

o Analysis of the second term Va(&,).

Under the assumption that € is of class piecewise C2, we
can obtain the dynamic of £, as
ftw + Ffu = (Ml + C(t)M2)§L7 vt € [tka tk+1)7 (40)

with the boundary condition for ¢t € [tg, tx11),
gin _ 1—‘71 <G1-\£gut+(A1 +C(t)A2)§out+B§out(tk)
+(F = GF)(t)). (41)

Utilizing the integration by parts, for Vt € [tx, tx+1), the
time-derivative of V5(&,) is calculated as

Ta(€2) =(€7) T, Perbin — (634)T|r|PE
+ [ (4 M) P@) + PO
£ C()My) — T P(2))Eadr (12
Using the boundary condition (41) and [( ()| < €, we get

Va(e:) < 207 ()T (0GTTS

1
- Qe TP +

Y(P + Mnax(P)TTHGT
(€ (tk) " usx(P)B' B
_'_BT]_—wjrlPB)fout(tk)) _,r_geuL(gout)T(A;Fl—\jrlPAl



+ EQA;F;
- - L

(P=GPICOF + [ € (O +2m) P

+ P(x)(M; + €M) — pI'y P(z))&d. (43)

'P A2 46t Npay (P)(F —GF) T}

o Analysis of the third term V3.

Computing the time derivative of Va3, Vt € [tg, tr41), it
yields that

L
Vi =r(tos s —t)/ (U + C(t)Ma)E — Téy + F(n+ 6)4+ F
0
CO) (U + ¢(t)M2)é —Té, + F(n+6) + F((t))dz
L t )
L
<r(tpyr —t) / [A6T(UTU + 2e2 M, My)¢ +2(¢] TT
0
& — & TF(n+06) — (n+06) FTE, +
L ! 2u( —t)g‘l'g dsd
F 0))|dx — 8 <dsdx
(n-+0)))da TA.Ae ]
+8LETF|C(t))?. (44)

we=¢ e dsdx

(n+0)" F'

By applying Jensen’s inequality [10], it can be ob-
tained that [/ e2(s~0) ngsds > e~k [l eleds >

—Q[Lh T

e 7. Selecting o < 2h’ we then have

L gt
(20 (tk41 —t) — 1)r/ / e2s=e e dsdx
0 tr
L
< (20(tg41 —t) — 1)re_2”h/ n'ndz. (45)
0

By using Wirtinger’s inequality over the interval
[Ti—1,3;] for i € {1,...,N — 1}, we get

L L
/O 5T (2 (tpsr —t) F TR+ B1)0dz <~ /0 € (1) (2r(ten
—t)FTF + BD)&,(tp)dz.  (46)

Fort € [tg, tk+1), it follows from (39), (43) and (44) with
(45)-(46) that

V420V < 2e“L(5°“t)T( GTTTH(P + Anax(P)THGT

~ 5 #L — T P)eo™ 4 8¢t (F —kdiag{\P,

—PD9+1;¢TMKm¢MH%ﬂqu,Mn

with @ =44 Aoy (P)(F—GF) T (F—GF)+9LFTF,
O=1[(c>) T, (€7 () T]T, :[ET,UT o, &0, & ()]

Since conditions (31)-(32) hold, it follows from Lem-
ma 1 that M(x) > 0. Then, by using Lemma
2, we get f0L¢>T(W(:E) + kN (z))pdx < 0. Con-
sidering ¢ € [tk,tk+1), we have A(V1(E(-,¢)) + Val
fm(a ) = (Vi(€( k) + Va(&a(-s 1)) = 0 with some

> 1. Based on the definitions of Vi(§) and V5(&,),

it holds that fo #TN(x))pdz > 0. Hence, it can be
obtained that

/L ' W(z)pdx < 0. (48)
0

For t € [tg,tx4+1), we can obtain )\Vlgr"“t
Vi(€°% (tg)) > 0 with A > 1, which gives 6 dlag{)\P
—P})# > 0. Using inequality (30), we have 6T (f —
kdiag{ AP, —P})f < 0. Then combing with inequalities
(29) and (48), it holds that

V < =20V + w|¢(t)) (49)

According to the definition of V3 in (37) and the mixed
traffic flow system (17), for ¢ € [tx, tx+1), it can be noted
that &, defined in V3 is related to &(+, t), &.(+, t) and ((¢),
where |((f)| < e. Then based on Assumption 2 and the
definition of the ISS-Lyapunov function (37), there exists
a sufficiently large constant ¢ > 0 such that the following
inequalities hold:

L L
;AGMQHumxsvs@A<mW+5u%?)
50

In the above discussion, estimates (49) and (50) are ob-
tained under the assumption that ¢ is piecewise C?, while
the selection of o, @ and ¢ does not depend on £. Hence,
using the density argument (see Comment 4.6 on Page
1271n [3]), the estimates (49) and (50) remain valid in the
distribution sense with £ € C°([0, +00); H((0, L); R?)).
Therefore, based on (49)-(50) and Definition 2, V' de-
fined in (37) is an ISS-Lyapunov function for system
(17)-(18), and then we obtain that

I6C, Ol < 0e €0 + (52)% sup(CB))). (51)

ew
20
Consequently, the mixed traffic flow system (17)-(18)
under the time-gap setting of ACC-equipped vehicles
(15) is ISS with respect to the disturbance ((t). This
completes the proof of Theorem 1. M

Remark 2. The sampled-data distributed control ap-
proach is proposed in the case of uniformly distributed
sensors and ideal ZOH behavior in this paper. In more
general scenario, such as non-uniformly distributed sen-
sors and nonideal ZOH behavior, the robustness and the
control accuracy of the closed-loop system will be affect-
ed by the different inter-sensor distances, as well as by



phase lag and amplitude attenuation during the signal
hold process.

4 Optimization and Numerical Simulation

In this section, the validity of the ISS conditions pro-
posed in Theorem 1 is verified via the numerical simu-
lation along with an optimization criterion.

4.1 Optimization

According to Theorem 1, the mixed traffic flow system
(17)-(18) under the time-gap setting of ACC-equipped
vehicles (15) is ISS with respect to the disturbance ¢(t).
The dynamics of the mixed traffic flow system can be
driven to a bounded region of the steady state. Obvious-
ly, a higher level of disturbance attenuation guarantees
the smaller bounded region around the steady state, and
the traffic states are closer to the desired values. Hence,
we focus on the issue of minimizing the effect of distur-
bance by considering a optimization criterion.

It is observed that w depends on Apax(P), which is the
maximum eigenvalue of P. A smaller A\yax(P) results in

higher disturbance attenuation (%)%. The objective is
to find P and 7 such that the disturbance attenuation
is maximal. Then we have the following minimization
problem:

min Anax (P)
subject to P >0, r >0, and (29) — (32).  (52)

4.2 Simulation results

We consider a road segment with length of L = 1 kilo-
meter in congested regime. There is a constant external
inflow of ¢;, = 4000veh./hr at the upstream boundary
and the lowest density value of the mixed traffic flow is
Pnin = H0veh./km. There are N = 11 sensors uniform-
ly distributed over the road segment, and then the dis-
tance between the two adjacent sensors is b = 0.1km.
These sensors provide traffic information at discrete time
instants with sampling time intervals bounded by h =
0.004hr. The average effective length of both manual and
ACC-equipped vehicles is D = 5m. The time constants
of ACC-equipped and manual vehicles are 7. = 200s
and 7, = 300s, respectively. The normal time-gap of
manual vehicles is b} = 1s, and the disturbance of time-
gap fluctuation is given as |((¢)| < 0.02s. Then the time-
gap of manual vehicles h, € [0.98,1.02]s.

We expect that the traffic dynamics reach the desired
values p* = 80 veh./km, v* = 50 km/hr and steady
time-gap for ACC-equipped vehicles h}.. = 2 s. To do

this, we set the percentage of ACC-equipped vehicles

0.04

0.02 1

-0.02

-0.04

0 0.05 0.1 0.15 0.2 0.25 0.3
t (hour)

Fig. 2. The curve of time-gap fluctuation of manual vehicles.

p(veh/km)
B

Fig. 3. The evolution of the traffic density p and average
speed v of the mixed traffic flow system (17) under o = 0.1.
(a) The evolution of p; (b) The evolution of v.

with respect to total vehicles to be a = 0.1, and then
the mixed traffic flow can be adjusted by setting the
time-gap of ACC-equipped vehicles. The sampling traffic
density and average speed are fed to the ACC-equipped
vehicles with gains k, = 0.11, k&, = 0.15 as the time-
gap setting, and implement into the mixed traffic flow
system through a ZOH. Select parameters as k, = 0.12
p=02A=13,0=05+r=0.18=0.1.

Due to the existence of the spatial variable z € [0, L],
the number of matrix inequalities in (31)-(32) is infi-
nite. Solve the optimization problem (52) by using the
overapproximation technique [16] via embedding the o-
riginal constraints (31)-(32) into a polytopic with finite
matrix inequalities, and then we obtain » = 0.0979 and
the diagonal matrix P = diag{0.5,0.5}.

To compute the mixed traffic low dynamics, we dis-
cretize system (17) by using the two-step variant of Lax-
Wendroff method in [18]. The initial state associated
with the steady state (p*, v*) is given as

{p(x, 0) = p* + 2cos(87z), (53)

v(x,0) = v* + 3cos(Trx).

Fig. 2 shows the curve of the unknown bounded time-
gap fluctuation ((t) of manual vehicles. Fig. 3(a) and
Fig. 3(b) illustrate the evolutions of the traffic densi-
ty p and average speed v of the mixed traffic flow sys-
tem under a = 0.1, respectively. From Fig. 2-Fig. 3,
it is clear that both traffic density and average speed
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Fig. 4. The curves of J = fOL (p* 4+ )dz for the mixed traffic
flow system (17) under different a.
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Fig. 5. The evolutions of time-gap setting of ACC-equipped
vehicles under the continuous-time control (blue lines) and
the sampled-data distributed control (red lines).

converge to a bounded region around the steady state
(p*,v*) even in the presence of the time-gap fluctuation
of manual vehicles. Define a system convergence indica-
tor J = fOL (p* + ©%)dz for the mixed traffic flow sys-
tem (17), and Fig. 4 depicts the curves of J under d-
ifferent . It can be observed that the deployment of
ACC-equipped vehicles can improve the stabilization
performance of the traffic dynamics as the penetration
rate a increases. Fig. 5 presents the time-gap setting of
ACC-equipped vehicles under the continuous-time con-
trol and the proposed sampled-data distributed con-
trol at different sensor locations. As shown in Fig. 5,
the sampled-data control reduces control input updates
and conserves computational resource compared to the
continuous-time control.

5 Conclusions

This paper has investigated the sampled-data distribut-
ed control problem for mixed traffic flow with unknown
and bounded disturbance. The time-gap setting of ACC-
equipped vehicles is designed to suppress the distur-
bance and drive the traffic dynamics to a bounded re-
gion around the steady state based on the spatially sam-

10

pled state measurements. By re-writing the closed-loop
system into an equivalent system with spatio-temporal
sampling errors and using the Lyapunov approach, suf-
ficient conditions for ensuring the ISS of the mixed traf-
fic flow system with respect to disturbance are derived.
Finally, numerical simulations are performed under an
optimization criterion to determine the maximal distur-
bance attenuation level, verifying the theoretical results.

The proposed sampled-data distributed control method
faces two major challenges when applied to large-scale
road network traffic scenarios: the large-scale deploy-
ment requirements of sensing devices and the impact of
communication delay on control accuracy. To address
these issues, a boundary observer can be designed to es-
timate traffic state in future work, and then the time-
gap setting of ACC-equipped vehicles based on bound-
ary observer can be developed to realize the application
of this method in large-scale traffic scenario. Further-
more, it would be meaningful to consider the sampled-
data distributed control problem for nonlinear PDE-
based mixed traffic flow with time-gap fluctuations of
both manual and ACC-equipped vehicles by using an
H?-Lyapunov function candidate in future work.

Acknowledgements

This work was supported by the National Natural Sci-
ence Foundation of China (Nos. U2233211, 62273014),
R&D Program of Beijing Municipal Education Commis-
sion (Nos. KZ20231000523, KM202310005032), the Bei-
jing Nova Program (No. 20220484133), and the Beijing
Municipal College Faculty Construction Plan for Out-
standing Young Talents (No. BPHR202203011).

References

[1] K. J. Astrom and B. Wittenmark. Computer-controlled
systems: theory and design. Courier Corporation, 2013.

[2] A.Aw and M. Rascle. Resurrection of ”second order” models
of traffic flow. SIAM Journal on Applied Mathematics,
60(3):916-938, 2000.

[3] G. Bastin and J.-M. Coron.
stabilization of 1-D  hyperbolic
International Publishing, 2016.

[4] N. Bekiaris-Liberis and A. I. Delis. PDE-based feedback
control of freeway traffic flow via time-gap manipulation
of ACC-equipped vehicles. IEEE Transactions on Control
Systems Technology, 29(1):461-469, 2020.

[5] S.Boyd, L. E. Ghaoui, E. Feron, and V. Balakrishnan. Linear
matric inequalities in system and control theory. SIAM
journal on applied mathematics, 1994.

[6] T. Chen and B. A. Francis. Optimal Sampled-Data Control
Systems. Springer Science & Business Media, 2012.

[7] M. A. Davd, D. Bresch-Pietri, C. Prieur, and F. D. Meglio.
Stability analysis of a 2 X 2 linear hyperbolic system
with a sampled-data controller via backstepping method

and looped-functionals. IEEE Transactions on Automatic
Control, 64(4):1718-1725, 2019.

Stability and boundary
systems. Springer



[8] C. Diakaki, M. Papageorgiou, I. Papamichail, and
I. Nikolos. Overview and analysis of vehicle automation and
communication systems from a motorway traffic management
perspective. Transportation Research Part A: Policy and
Practice, 75:146-165, 2015.

[9] N. Espitia, A. Girard, N. Marchand, and C. Prieur. Event-
based control of linear hyperbolic systems of conservation
laws. Automatica, 70:275-287, 2016.

[10] K. Gu, V. Kharitonov, and J. Chen. Stability of Time-Delay
Systems. Birkhauser, Boston, 2003.

[11] L. Hetel, C. Fiter, H. Omran, A. Seuret, E. Fridman, J.-P.
Richard, and S. I. Niculescu. Recent developments on the
stability of systems with aperiodic sampling: An overview.
Automatica, 76:309-335, 2017.

[12] B. S. Kerner. Introduction to modern traffic flow theory and
control. Springer Berlin Heidelberg, 2009.

[13] A. Kesting, M. Treiber, M. Schonhof, and D. Helbing.
Adaptive cruise control design for active congestion
avoidance.  Transportation Research Part C: Emerging
Technologies, 16(6):668—-683, 2008.

[14] J. W. Lee, H. Wang, K. Jang, and et al. Traffic control
via connected and automated vehicles (CAVs): An open-road
field experiment with 100 CAVs. IEEE Control Systems,
45(1):28-60, 2024.

[15] A. Mironchenko and C. Prieur. Input-to-state stability

of infinite-dimensional systems: Recent results and open
questions. SIAM Review, 62(3):529-614, 2020.

[16] A. Girard P.-O. Lamare and C. Prieur. An optimisation
approach for stability analysis and controller synthesis of
linear hyperbolic systems. ESAIM: Control, Optimisation
and Calculus of Variations, 22(4):1236-1263, 2016.

[17] W. J. Schakel and B. van Arem. Improving traffic flow
efficiency by in-car advice on lane, speed, and headway.

IEEE Transactions on Intelligent Transportation Systems,
15(4):1597-1606, 2014.

[18] L. Shampine. Solving hyperbolic PDEs in matlab. Appl.
Numer. Anal. Comput. Math, 2:346-358, 2005.

[19] A. Spiliopoulou, D. Manolis, F. Vandorou, and
M. Papageorgiou. Adaptive cruise control operation for
improved motorway traffic flow. Transportation  Research
Record, 2672(22):24-35, 2018.

[20] X. Wang, Y. Tang, C. Fiter, and L. Hetel. Sampled-data
distributed control for homo-directional linear hyperbolic
system with spatially sampled state measurements.
Automatica, 139:110183, 2022.

[21] H. Yu and M. Krstic. Traffic congestion control for Aw-
Rascle-Zhang model. Automatica, 100:38-51, 2019.

[22] H. M. Zhang. A non-equilibrium traffic model devoid of gas-
like behavior. Transportation Research Part B, 36(3):275—
290, 2002.

[23] L. Zhang, H. Luan, and J. Zhan. Stabilization of stop-
and-go waves in vehicle traffic flow. IEEE Transactions on
Automatic Control, 69(7):4583-4597, 2024.

[24] L. Zhang, C. Prieur, and J. Qiao. PI boundary control
of linear hyperbolic balance laws with stabilization of ARZ
traffic flow models. Systems & Control Letters, 123:85-91,
2019.

[25] H. Zhao, J. Zhan, and L. Zhang. Finite-time boundary
stabilization for LWR traffic flow model. IEEE Control
Systems Letters, 7:3471-3476, 2023.

[26] H. Zhao, J. Zhan, and L. Zhang. Saturated boundary
feedback stabilization for LWR traffic flow model. Systems
& Control Letters, 173:105465, 2023.

11



